H. Effects of static and dynamic training on the stiffness and blood volume of tendon in vivo. J Appl Physiol 106: 412-417, 2009. First published December 26, 2008 doi:10.1152/japplphysiol.91381.2008.-The purpose of this study was to investigate the effects of static and dynamic training on the stiffness and blood volume of the human tendon in vivo. Ten subjects completed 12 wk (4 days/wk) of a unilateral training program for knee extensors. They performed static training on one side [ST; 70% of maximum voluntary contraction (MVC)] and dynamic training on the other side (DT; 80% of one repetition maximum). Before and after training, MVC, neural activation level (by interpolated twitch), muscle volume (by magnetic resonance imaging), stiffness of tendon-aponeurosis complex and patella tendon (by ultrasonography), and blood volume of patella tendon (by red laser lights) were measured. Both protocols significantly increased MVC (49% for ST, 32% for DT; both P Ͻ 0.001), neural activation level (9.5% for ST, 7.6% for DT; both P Ͻ 0.01), and muscle volume (4.5% for ST, 5.6% for DT; both P Ͻ 0.01). The stiffness of tendon-aponeurosis complex increased significantly after ST (55%; P ϭ 0.003) and DT (30%; P ϭ 0.033), while the stiffness of patella tendon increased significantly after ST (83%; P Ͻ 0.001), but not for DT (P ϭ 0.110). The blood volume of patella tendon increased significantly after DT (47%; P ϭ 0.016), but not for ST (P ϭ 0.205). These results implied that the changes in the blood volume of tendon would be related to differences in the effects of resistance training on the tendon properties. knee extensor; tendon stiffness; cross-sectional area; activation level RECENT STUDIES USING ULTRASONOGRAPHY demonstrated that the stiffness of human tendon increased after resistance training in vivo (2, 17, 21, 25, 35) . According to these previous findings, there is much larger variability in the previously reported increase in tendon stiffness, ranging between 17 and 65%. In particular, the increases of tendon stiffness after the static training (ϩ58% Recent studies demonstrated that the blood flow and type I collagen synthesis of the human tendons changed during the physical activities (7, 8, 28 -32). For example, Boushel et al. (8) reported that the blood flow in the Achilles tendon rose up to sevenfold during intense plantar flexion exercise compared with values obtained at rest. Langberg et al. (32) showed that the acute exercise (3 h of running) caused the increased formation of type I collagen in the recovery period (72 h after exercise). In addition, Kjaer et al. (15) suggested that the blood circulation within the tendons would contribute to "repair of the tendon" after all sorts of physical activities. Indeed, some previous researchers showed that the blood supply of the human Achilles tendon was lower in the midsection compared with other regions of the tendon (e.g., Ref. 10), and thus the rupture of Achilles tendon occurred most commonly in this region (e.g., Ref. 9). Therefore, we should consider the effects of both metabolic (blood volume, collagen synthesis, etc) and mechanical (stiffness, Young's modulus, etc) factors for grasping the detail mechanisms of plasticity of human tendon in vivo. However, as far as we know, no studies have ever tried to investigate the effects of exercise protocols used on blood flow and collagen synthesis of human tendon. Taken together, it is likely that the changes in the tendon properties after various exercise protocols used may be related to the changes in blood flow during and/or after exercise.
RECENT STUDIES USING ULTRASONOGRAPHY demonstrated that the stiffness of human tendon increased after resistance training in vivo (2, 17, 21, 25, 35) . According to these previous findings, there is much larger variability in the previously reported increase in tendon stiffness, ranging between 17 and 65%. In particular, the increases of tendon stiffness after the static training (ϩ58% Ref. 21 Recent studies demonstrated that the blood flow and type I collagen synthesis of the human tendons changed during the physical activities (7, 8, 28 -32) . For example, Boushel et al. (8) reported that the blood flow in the Achilles tendon rose up to sevenfold during intense plantar flexion exercise compared with values obtained at rest. Langberg et al. (32) showed that the acute exercise (3 h of running) caused the increased formation of type I collagen in the recovery period (72 h after exercise). In addition, Kjaer et al. (15) suggested that the blood circulation within the tendons would contribute to "repair of the tendon" after all sorts of physical activities. Indeed, some previous researchers showed that the blood supply of the human Achilles tendon was lower in the midsection compared with other regions of the tendon (e.g., Ref. 10) , and thus the rupture of Achilles tendon occurred most commonly in this region (e.g., Ref. 9 ). Therefore, we should consider the effects of both metabolic (blood volume, collagen synthesis, etc) and mechanical (stiffness, Young's modulus, etc) factors for grasping the detail mechanisms of plasticity of human tendon in vivo. However, as far as we know, no studies have ever tried to investigate the effects of exercise protocols used on blood flow and collagen synthesis of human tendon. Taken together, it is likely that the changes in the tendon properties after various exercise protocols used may be related to the changes in blood flow during and/or after exercise.
More recently, our laboratory measured the blood volume, oxygen saturation, and oxygen consumption of human Achilles tendon using three red laser lights (18, 19) . These findings on the blood circulation (blood volume, oxygen saturation, oxygen consumption, etc) of tendon would be useful to elucidate the mechanisms of the difference in the training effects of used training protocols on the tendon stiffness. In the present study, we applied this technique to investigate the effects of static and dynamic training on the stiffness and blood volume of the human tendon in vivo. We hypothesized that the relative increase in the tendon stiffness would be greater after static training than after dynamic training, and thus these differences were related to the changes in blood volume within the tendon.
METHODS
Subjects. Ten healthy men [age: 22.3 Ϯ 1.1 (SD) yr, height 171.4 Ϯ 6.1 cm, body mass 63.8 Ϯ 8.7 kg] voluntarily participated in this study. The subjects were fully informed of the procedures to be utilized as well as the purpose of this study. Written informed consent was obtained from all subjects. This study was approved by the Ethics Committee for Human Experiments, Department of Life Science, University of Tokyo.
Training. Subjects performed static training on one side (ST) and dynamic training on the other side (DT). They performed unilateral knee extension exercise in seated position. In each subject, the right and left legs were randomly allocated to the training protocols. They trained four times per week for 12 wk. In a training session, a subject would train the ST protocol leg first, then the DT protocol leg, and in the next session, the order would be reversed. In the present study, we compared the effects of two types of training on the stiffness and blood volume of tendon, although the degrees of increases in the muscle strength and volume were same between ST and DT. According to our laboratory's previous studies (21, 23) , we planned to make equal of increases in the muscle strength and volume after the two types of training modes. In addition, we found that there were no differences in acute changes of maximal voluntary contraction (acute decline) and muscle thickness (acute increase) between ST and DT protocols in a preliminary study with five subjects.
For ST, the training protocol involved isometric knee extensions at 70% of maximal voluntary isometric strength (MVC). Each subject was seated on a test bench of a dynamometer (Vine, Tokyo, Japan) and fixed with the knee joint angles of 90°flexed. The training protocol involved 10 contractions of 15-s duration with a 30-s rest between each. The measurement of MVC was made every 4 wk to adjust the training load.
For DT, subjects performed unilateral knee extension exercise in seated position with an isotonic knee extension machine (Everynew, Tokyo, Japan). The range of motion of knee joint was from 90 to 0°( 0°ϭ full extension). According to the sound of metronome and command of experimenter, they were instructed to lift and lower the load at an approximately constant velocity, taking ϳ1 s for concentric action and 3 s for eccentric action. They performed five sets of exercise with an interest interval of 1 min, which consisted of unilateral knee extension at 80% of one repetition maximum with 10 repetitions per set. The measurement of one repetition maximum was made every 4 wk to adjust the training load.
Muscle strength and neural activation. MVC of the knee extensor muscles was determined by means of specially designed dynamometers (Applied Office, Tokyo, Japan). The subject sat in an adjustable chair with support for the back and the hip joint flexed at an angle of 80°(full extension ϭ 0°) to standardize the measurements and localize the action to the appropriate muscle group. The ankle was firmly attached to the lever arm of the dynamometer with a strap and fixed with the knee joint flexed at an angle of 90°.
When the voluntary torque peaked, evoked twitch contractions were imposed by supramaximal electrical stimulations. The stimulating electrodes were placed on the skin over the femoral nerve at the inguinal region (cathode) and the midbelly of the quadriceps muscle (anode). Rectangular pulses (triple stimuli with a 500 s duration for one stimulus and an interstimulus interval of 10 ms) were delivered using a high-voltage stimulator (SEN-3301, having a specially modified isolator SS-1963, Nihon-Koden, Tokyo, Japan). The difference between peak twitch force and MVC force (twitch force) was measured. After that the twitch imposed on the resting muscle after MVC (control twitch force) was measured. The voluntary activation (%) of the knee extensor muscles was calculated as follows: [1 Ϫ (twitch force during MVC/control twitch force)] ⅐ 100, as previously reported (23, 25) .
Stiffness of tendon-aponeurosis complex and patella tendon. Subjects exerted isometric knee extension torque from zero (relax) to MVC within 5 s. An ultrasonic apparatus (SSD-2000, Aloka, Tokyo, Japan) with an electronic linear array probe was used to obtain longitudinal ultrasonic images of each muscle and tendon. To evaluate the elongation (L) of tendon and aponeurosis, the movements of the two points (P1 and P2; see below) were recorded by ultrasonography (see Fig. 1 of Ref 20) . The longitudinal images of vastus lateralis muscle (VL) and patella tendon were obtained at the level of 50% of thigh length (P1) and at the apex of the patella (P2), respectively (see Fig. 1 of Ref 20) . The displacement of P1 was considered as the tendon-aponeurosis complex elongation, and the displacement of P2 was considered as the patella tendon elongation.
According to Kubo et al. (20) and Reeves et al. (35) , angular joint rotation needs to be accounted for to avoid an overestimation of tendon displacement during contraction. To monitor joint angular rotation an electrical goniometer was placed on the lateral aspect of knee joint. To correct the measurements taken for the tendon and aponeurosis elongation, additional measurements were taken under passive conditions. Thus, for each subject the displacement of P1 obtained from the ultrasound images could be corrected for that attributed to joint rotation alone (20, 35) . However, we did not correct for the measurement of patella tendon elongation (displacement of P 2) in the present study (20, 35) .
The knee joint torque (TQ) measured by the dynamometer was converted to tendon force (F t) and muscle force (Fm) by the following equations, i.e.,
where k represents relative contribution of VL to the quadriceps femoris muscles in terms of physiological cross-sectional area (34), and MA is the moment arm length of quadriceps femoris muscles at 90°of knee flexion, which is estimated from the thigh length of each subject (39) . The Fm-L and Ft-L curves above 50% MVC were fitted to a linear regression equation, the slope of which was adopted as an index of the stiffness of tendon-aponeurosis complex and patella tendon, respectively (23) .
Electromyographic activity. The electromyographic (EMG) activity was recorded during the measurement of the maximal voluntary isometric strength and tendon properties. Bipolar surface electrodes (5 mm in diameter) were placed over the bellies of the VL muscle, the rectus femoris (RF) muscle, the vastus medialis (VM) muscle, and the biceps femoris (BF) muscles with a constant interelectrode distance of 25 mm. The electrodes were connected to a preamplifier and differential amplifier with a bandwidth of 5-500 Hz (model 1253A, NEC Medical Systems, Tokyo, Japan). The EMG signals were transmitted to a computer at a sampling rate of 1 kHz. The EMG was full-wave rectified and integrated for a 1.0-s period of steady-force output for the measurement of MVC to give integrated EMG. In addition, the mean of integrated EMG in the knee extensors (VL, RF, VM) was defined as mEMG. To investigate the antagonist muscle activity of the BF (coactivation level), the integrated EMG of the BF was measured during knee extension contraction. To determine the maximal activation of the BF, a maximal knee flexion isometric contraction was performed at the same angle (90°of knee joint). We normalized the integrated EMG value of BF with respect to the integrated EMG value of BF at the same angle when acting as agonist at maximal effort.
Cross-sectional area of muscle and tendon. The cross-sectional area (CSA) of the quadriceps femoris muscles was measured by magnetic resonance imaging scans (Resona, 0.5 Tesla System, GE). longitudinal relaxation time-weighted spin-echo, axial-plane imaging was performed with the following variables: repetition time 450 ms, echo time 20 ms, matrix 256 ϫ 172, field of view 300 mm, slice thickness 10 mm, and interslice gap 0 mm. The subjects were imaged in a prone position with the knee kept at 0°. Consecutive axial images were obtained from spina illiaca anterior superior to extremitas distal of tibia. The muscles investigated were as follows: RF, VL, vastus intermedius (VI), and VM. From the series axial images, outlines of each muscle were traced, and the traced images were transferred to a computer for calculation of the anatomic CSA using digitizing software. The muscle volume was determined by summing the anatomic CSA of each image times the thickness (10 mm).
In addition, the measurement of patella tendon CSA was taken at a knee joint angle of 90°from axial plane ultrasound images taken at 25, 50, and 75 of patella tendon length according to Reeves et al. (35) . The average of CSA at three positions was calculated as the representative of tendon CSA (35) .
Blood volume of patella tendon. During the resting state, we measured the blood volume (total hemoglobin) of the patella tendon. Using red laser lights (BOM-L1TRSF, Omega Wave, Tokyo, Japan), a probe(SF-DS, Omega Wave, Tokyo, Japan) was positioned at the distal site of the patella tendon. In this site, we observed using ultrasonography the depth of the patella tendon from the skin was 2.9 Ϯ 0.6 mm at its superficial surface and 6.7 Ϯ 0.9 mm at its deep surface. Therefore, we confirmed that the depth of the patella tendon from the skin was consistent with the penetration depth of red laser lights. This instrument uses three red laser lights (635, 650, and 690 nm), and calculates the relative tissue levels of oxyhemoglobin, deoxyhemoglobin, and THb according to the Beer-Lambert law (11) . The distance between the light source and photodetector was 5 mm. According to the findings of Kashima (14) , the measurement depth was estimated at 3-5 mm when the distance between the light source and photodetector was 5 mm. The details of this technique and principles of this instrument have been described elsewhere (14, 18, 19) . Briefly, two-point detection and the differential calculation method were used for measuring the blood volume and oxygen saturation only in the deep region of the tissue (measurement depth of 3-5 mm). The THb at specific depths of tissue could be measured by changing the location of the two detectors. The offset value of the blood volume was reduced, and highly sensitive measurements were achieved using the two-point detection method. The reliability of this method has been reported previously (18, 19) .
Statistics. Values are reported as means Ϯ SD unless otherwise stated. The differences in the L values of Fm or Ft-L curves between before and after training was analyzed by a paired Student's t-test. For all other reported variables, differences in time (before and after training) and group (ST and DT) were tested using two-way ANOVA with repeated measures [2 (groups) ϫ 2 (test times)]. The F ratios for main effects and interactions were considered significant at P Ͻ 0.05. Significant difference among means at P Ͻ 0.05 were detected using a Tukey post hoc test.
RESULTS
The volume of quadriceps femoris muscles increased significantly by 4.5% for ST (P ϭ 0.007) and by 5.6% for DT (P ϭ 0.003), respectively (Table 1) . No significant difference in the relative increase in muscle volume was found between ST and DT (P ϭ 0.559). Furthermore, no significant changes in the patella tendon CSA were found in both ST and DT ( Table 2) .
The MVC value increased significantly by 49.0% for ST and 31.5% for DT (both P Ͻ 0.001), respectively ( Table 1) . The relative increase in MVC tended to be higher for ST than for DT (P ϭ 0.056). Activation level of the quadriceps femoris muscle assessed by superimposing electrical stimuli increased significantly by 9.5% for ST (P ϭ 0.010) and by 7.6% for DT (P ϭ 0.009), respectively (Table 1) . Similarly, the mEMG of the quadriceps femoris muscle increased significantly by 33.9% for ST (P Ͻ 0.001) and 32.2% for DT (P ϭ 0.026), respectively (Table 1) . No significant difference in the relative increase in activation level and mEMG were found between ST and DT. For both ST and DT, the coactivation level of BF did not change after training (Table 1) . Figure 1 shows the relationships between Fm and L of the tendon-aponeurosis complex before and after training. The DT protocol produced no significant differences in the L values at all the force production levels between before and after. In the case of the ST protocol, the L values above 500 N were significantly shorter after training. The stiffness of the tendonaponeurosis complex increased significantly by 55.1% for ST (P ϭ 0.003) and by 30.0% for DT (P ϭ 0.033), respectively ( Table 2 ). The relative increase in stiffness of the tendonaponeurosis complex tended to be greater for ST than for DT (P ϭ 0.098). Figure 2 shows the relationships between F t and L of the patella tendon before and after training. In the case of the ST protocol, the L values above 1,500 N were significantly shorter after training. The DT protocol produced no significant differences in the L values at all the force production levels between before and after. The stiffness of the patella tendon increased significantly by 83.1% for ST (P Ͻ 0.001), but not for DT (P ϭ 0.110) ( Table 2 ). The relative increase in stiffness of the patella tendon tended to be greater for ST than for DT (P ϭ 0.146).
After the 12 wk of training, the THb of patella tendon during the resting state increased significantly for DT (ϩ47%, P ϭ 0.016), but not for ST (P ϭ 0.205) ( Table 2) .
DISCUSSION
The main findings of this study were that 1) the relative increases in stiffness of the tendon-aponeuosis complex and patella tendon tended to be greater after static training than after DT, and 2) the blood volume of the patella tendon increased significantly after DT, but not after ST. To our knowledge, this is the first study to demonstrate the changes in the mechanical properties and blood volume of human tendon after resistance training in vivo.
As mentioned above (see METHODS), we planned to make equal of increases in the muscle strength and muscle volume after the two types of training modes. Although there were no differences in the relative increases in muscle volume and neural activation between ST and DT protocols, the relative increase in MVC tended to be higher for ST than for DT (P ϭ 0.056). Unfortunately, the mechanisms resulting in the difference in increase of MVC are unknown. An explanation that is often given for specificity of training is a selective neural adaptation (i.e., specific motor unit recruitment and synchronization) specific to the type of contraction (e.g., Ref. 13). Muraoka et al. (33) reported that the mechanical properties (elongation, strain) of human Achilles tendon were correlated to the muscle strength. In the present study, however, there were no significant correlation between the relative changes in MVC and stiffness of tendon-aponeurosis complex (r ϭ 0.301, P Ͼ 0.05) and patella tendon (r ϭ 0.087, P Ͼ 0.05). Therefore, we may say that the difference in the effects of training on tendon properties is unrelated to the change in muscle strength. According to our laboratory's previous findings, the increases of stiffness of tendon-aponeurosis complex after static training (ϩ58% Ref 25) . The present result agreed with these previous findings. From a functional point of view, an increase in the stiffness of tendonaponeurosis complex acts to improve the rate of torque development. This assumption can be indirectly supported by previous studies indicating that the strength training increased the rate of force development (e.g., Ref. 12). Furthermore, the increased stiffness in the tendon-aponeurosis complex seems to be an advantage in increasing the release of potential energy during stretch-shortening cycle exercises such as jumping or sprinting, since it shortens the coupling time, i.e., the time delay between stretching and shortening (e.g., Ref. 6). On the Fig. 1 . Muscle force (Fm)-elongation of tendon-aponeurosis complex (L) before (ᮀ) and after (}) training for 12 wk. For the static training (ST) protocol (A), the L values above 500 N were significantly shorter after training. The dynamic training (DT) protocol (B) produced no significant differences in the L values at all the force production levels between before and after. *Significantly greater than before, P Ͻ 0.05. produced no significant differences in the L values at all the force production levels between before and after. *Significantly greater than before, P Ͻ 0.05. other hand, some previous researchers demonstrated that the isometric training could not improve the vertical jumping ability (3, 4) . They suggested that the nervous command of contraction during the isometric training differed from that during the vertical jumping. In addition to this point, some recent observations showed that the mechanical properties of human tendon affected the performances during jumping and/or sprinting exercises (22, 24, 37) . Among them, Kubo et al. (22) reported that the tendon stiffness in knee extensors was inversely correlated with the relative difference in jump height between vertical jumps performed with and without countermovement, i.e., prestretch augmentation. Therefore, the previous evidence that isometric training did not improve the jumping ability could be explained due to an offset of the positive (increase in muscle strength) and negative (increase in tendon stiffness) effects on performance during stretch-shortening cycle exercises. We also reported that after isometric squat training, the tendon stiffness in knee extensors increased, and, simultaneously, the prestretch augmentation during vertical jumping decreased (27) . Taken together, it would prudent not to perform "static" training in the field of athletic. The stiffness of the patella tendon increased significantly for ST but not for DT. This result agreed with our laboratory's previous findings (23, 27) . After the isotonic knee extension (23) the isometric squat (27) trainings, we found that the stiffness of "tendon-aponeurosis complex (including aponeurosis)" increased significantly, while that of patella tendon (extramuscular tendon) did not. The elongation of tendonaponeurosis complex represents the elongations of patella tendon and VL aponeurosis. Therefore, we may say that the mechanical properties of VL aponeurosis (intramuscular tendon) are changeable compared with that of patella tendon (extramuscular tendon). It is well known that the collagen turnover is most rapid in skeletal muscle and relatively slow in extramuscular tendons (38, 40) . More recently, our laboratory reported that the tendon had considerably lower oxygen consumption value than the skeletal muscle (18) . Considering these points, it seems reasonable to suppose that the collagen turnover of the aponeurosis is faster than that of the tendon. In addition, there was no significant correlation between the relative changes in stiffness of tendon-aponeurosis complex and patella tendon (r ϭ 0.13, P Ͼ 0.05). Our laboratory's previous study showed that for both knee extensors and plantar flexors there were no significant correlations between maximal strain of tendon and aponeurosis (20) . Taking the present result into account together our laboratory's previous finding, it is likely that the mechanical properties of tendon and aponeurosis were independent of each other.
In the present study, we measured the blood volume of the patella tendon using red laser lights before and after training. After ST protocol, the blood volume of the patella tendon did not change after training (Table 2) . Similarly, we observed that the blood volume of Achilles tendon remained unchanged during and after the repeated long-duration (15 s) contractions (unpublished data). According to the findings of Klein et al. (16) and Yalamanchi et al. (41) , the application of lactate to tendon fibroblasts increased collagen production. Concerning muscle tissue, Schott et al. (36) reported that changes in phosphate metabolites and the pH were greater with a longer isometric contraction (30 s) than a shorter one (3 s). Unfortunately, as far as we know, a few studies have investigated changes in the lactate concentration within the human tendon in vivo (1, 31) . Langberg et al. (31) demonstrated using the microdialysis technique that the concentrations of lactate increased after intermittent static exercises. However, no studies have been examined the effects of various exercise protocols. Because the tendon (as well as the muscle) consumed oxygen during and after exercises (7, 18) , it would be necessary to increase blood volume and/or flow of tendon to supply the necessary oxygen. Indeed, we found that the blood volume of the tendon did not change after the repeat isometric contractions with a long duration, while it increased significantly after the repeat ballistic contractions (Kubo et al. unpublished observations) . Considering the present and previous results, it is likely that an insufficient blood volume within the tendon after longer-duration isometric contractions would lead to the accumulation of "surplus" lactate, and so it could be a factor inducing a marked increase in tendon stiffness after isometric training with a longer duration.
For DT protocol, on the other hand, the blood volume of the patella tendon increased significantly after 12 wk of training ( Table 2 ). We also reported that the blood volume of Achilles tendon increased during the recovery period (10 min) of the repeated short duration (5 s) contractions compared with the resting level (18, 19) . This change could be considered as a purely mechanical phenomenon within the tendons. In other words, the increased blood volume after repeated short-duration contractions, like DT protocol, would be caused by an increased perfusion pressure within the tendon due to the repetitive "stretching and returning" of the tendon. Similarly, Boesen et al. (5) observed Doppler activity in 9 of 10 subjects after repetitive loading (5km running) and suggested that the relative hyperemia seen after exercise is a physiological response. In addition, it has been suggested that blood circulation within the tendons would contribute to "repair of the tendon" after numerous physical activities (15) . Therefore, we may say that the increases of blood volume within the tendon after exercises would be related to the repair of tendon after the exercises involving mechanical loading of tendon. Our previous studies indicated that the tendon stiffness did not change after isometric training with repetitive shorter duration contractions (21) and plyometric training (25) . In the present study, the increase in tendon stiffness after DT protocol tended to be lower than that after ST protocol. Considering these findings, we speculate that the tendon extensibility (elasticity) would be preserved during the repair process after the dynamic contractions, although the strength and dimension of muscle increase.
In conclusion, the relative increases in stiffness of the tendon-aponeuosis complex and patella tendon tended to be greater after static training than after dynamic training. Furthermore, the blood volume of patella tendon increased significantly after dynamic training, but not after static training. These findings concerning the blood volume of tendon would be related to differences in the effects of resistance training on the tendon properties.
